Abstract-Conducted electromagnetic interference (EMI) is a major cause of concern in switch-mode power supplies (SMPSs) which commonly use standard pulsewidth modulation (PWM). In this paper, Sigma-Delta (61) modulation is proposed as an alternative switching technique to reduce conducted EMI from an SMPS. The result of using 61 modulation is a spread in the spectrum of the conducted emissions so that large concentrations of power at discrete frequencies are avoided. Experimental time-domain waveforms and spectra of the switching function of first-order and second-order 61 modulators are presented to prove the viability of the scheme for EMI mitigation. These modulators are then applied to a dc-dc converter in an off-the-shelf computer power supply and experimental results show a reduction of roughly 5-10 dB V in EMI emissions over standard PWM modulators.
I. INTRODUCTION

C
ONDUCTED electromagnetic interference (EMI) from switch-mode power supplies (SMPSs) has become a major problem due to the proliferation of these devices employing dc-dc converters using standard pulsewidth modulation (PWM). Various EMI mitigation schemes have been proposed over the years. These include filtering, soft-switching, and modified modulation schemes that shape the spectra of the switching function in order to reduce the EMI to within the FCC conducted EMI specifications. FCC specifications for conducted EMI are specified for two separate categories of devices and are summarized in Table I . It can be observed that the requirements on Class B (industrial use) devices for conducted emissions are more stringent than those on Class A (residential use) devices. There are two reasons for this. The first reason is that the interference from a device in an industrial environment can be more readily remedied than in a residential environment since the interfering source is in proximity to the susceptible device. The second reason is that an industrial user has greater resources to control interference than a residential user.
Each of the methods proposed for EMI mitigation has its disadvantages. For example, the filters add to the cost, weight, and complexity of the SMPS and require careful design in order to avoid potential instability problems. The potential of soft switching in EMI reduction was initially taken for granted from an intuitive standpoint. However, subsequent experimental results [1] , [2] show that the improvement in the conducted EMI spectra is not significant and is heavily dependent on circuit layout. Programmed PWM [3] and randomized PWM [4] schemes and switching frequency modulation (FM) [5] of the PWM switching function have been proposed for EMI mitigation and have been shown to be effective in reducing the measured conducted EMI by 5-10 dB V. These methods shape the spectrum in such a way that the power is spread out over a continuous range of frequencies. Since the FCC regulations impose limits only on the peaks in the spectra, some of these methods aim at dispersing the power in the peaks associated with standard PWM over contiguous frequencies. While these alternative modulation techniques are an attractive option because they attempt to solve the EMI problem at the source and reduce filtering requirements, they have still not been widely accepted by the industry.
In this paper, Sigma-Delta modulation ( M) is proposed as an alternative modulation scheme with the objective of reducing conducted EMI to within FCC limits. This method is similar to the programmed/randomized PWM and FM schemes in that it attempts to disperse the spectrum over a continuous range of frequencies and has a switching function with an inherently continuous spectrum.
M also operates using synchronized switching instants, as do the programmed and FM schemes, making it suitable for use in resonant converters. Section III introduces M and presents a review of previous applications of this scheme to power converters. Sections IV-VI discuss first-order and second-order modulators with experimental results. Section VII presents experimental results for these modulators applied to an off-the-shelf power supply. a capacitor is given by the CM emissions can be reduced by either reducing the parasitic capacitance or by decreasing the gradient of switching. Differential-mode (DM) currents, which flow between phase and neutral, are caused by the switching of currents in the converter . These flow into the supply terminals during the conducting periods of the rectifier diodes. If the dc-link capacitor is sufficiently large and has a low parasitic inductance, very little of the high-frequency component of the switching current flows into the source. Thus, it is clear that the DM currents into the source can be minimized by the use of a good quality dc-link capacitor. Similar considerations hold for the output filter capacitor for prevention of DM noise flowing into the load. However, reverse recovery of the rectifier diodes contributes significantly to the DM currents.
II. CONDUCTED EMI IN SMPS
III. M
A. Applications
M [7] is widely used in data converters at relatively low-frequency ranges (e.g., audio). The reason for their popularity is that almost all quantizers use two-level (or binary) quantization and are, thus, very robust and insensitive to component tolerances. A first-order M is shown in Fig. 2 . M has also been used in the area of power electronics, mainly in application to resonant dc-link inverters [8] . The motivation behind using M here was to find a sampled modulation scheme that could be synchronized with the resonant frequency of an LC tank circuit. Another aim was to reduce acoustic noise in motor drives. Further research in this area resulted in the replacement of the integrator in the loop with the integration characteristic of the filter inductor in the main power stage, resulting in direct current regulation [current-regulated delta modulation (CRDM)]. Another application of M is the use of single-loop multilevel M in multilevel inverters [9] .
B. Motivation for M in EMI Mitigation
A linearized stochastic model [7] of a first-order M may be used to provide a conceptual reason for its use in EMI mitigation. A linearized model [ Fig. 2(c) ] of the sampled-data M of Fig. 2(b) is obtained by modeling the output from the quantizer as the sum of two terms, , where is the quantizer output, the quantizer input and an "error term." The error term is assumed to be uniformly distributed in the interval ( , ) where is the difference between the quantizer levels. is assumed to be uncorrelated from the modulator input . Finally, we assume that is independently and identically distributed (i.i.d). Under the above assumptions, the mean-square power of is calculated to be . The output of the modulator may be written as (1) That is, the spectrum consists of the input plus a noise component given by (2) Since is assumed to be white noise, its spectrum is flat and has a mean-square value of . (The white-noise assumption is incorrect in the case of a first-order modulator with a dc input or other slow-moving inputs; it is only used to provide a conceptual understanding.) Since a sampling frequency is assumed, all the noise power is concentrated in the band so that the power spectral density is given by
Therefore the spectrum of may be written as
Since this is a sampled data system, the spectrum is repetitive over every interval of width . Therefore, the spectrum of the output of the first-order modulator with a white-noise assumption is as shown in Fig. 3(a) . The spectrum in Fig. 3(a) represents the discrete-time output of the modulator. If this output is sampled and held for the entire clock period , this spectrum gets scaled by a factor , [ Fig. 3(b) ] so that the impulses corresponding to the dc input are nullified. This is the spectrum of the switching function and is depicted by Fig. 3(c) . The spectrum is ideally continuous as opposed to the discrete spectrum of conventional PWM. In this paper, it is proposed that this feature of M be exploited with the objective of EMI control. It is important to note that the white noise approximation made in this section does not hold in the case of the first-order M. The reason is that the error term is not uncorrelated from the dc input. However, this approximation is roughly true in the case of first-order modulators with an added dither signal and higher-order modulators.
IV. CHARACTERISTICS OF FIRST-ORDER M
Referring to Fig. 2(a) , the analog input is fed to an integrator whose output is fed to a quantizer (which, in this case, is simply a comparator). The output of the quantizer is fed back and subtracted from the analog input; the quantizer output is also used to drive the power switch in the experimental forward converter as shown in Fig. 4 . The main features of the output of the M are as follows.
1) The output oscillates in such a way that the average error between the input and the output is forced to zero by the feedback loop. Since the local average of the output equals the local average of the input, the demodulator is simply a low-pass filter.
2)
is an example of pulse-density modulation, i.e., the number of pulses per unit time increases with the magnitude of the input. 3) The modulator is a uniformly sampled system. This is important in the context of power electronics because switchinginstantsoccurin synchronismwithaclock.Thus, it is possible to extend M to resonant converters where a simple relationship often exists between the resonant frequency and the sampling frequency of the modulator. Note that, for dc inputs less than half the full-scale range (i.e., 2.5 V for a full-scale range of 5 V), the number of "on" pulses is always less than the number of "off" pulses. Therefore, core reset problems in single-ended transformer-coupled converters using a diode-reset scheme and a transformer wound with an equal number of primary and tertiary winding turns can be avoided if the modulator is scaled such that a dc input greater than half the full-scale range is not required.
A first-order M was breadboarded using discrete conponents. A continuous-time integrator was implemented using an operational amplifier. The quantizer was realized by using a comparator whose output is clocked by the sampling clock. The sampling frequency was set to 300 kHz. Time-domain waveforms of the output of the modulator are shown in Fig. 5 . It is seen that the number of off pulses over a given time interval always exceeds the number of on pulses provided the input to the modulator is less than half its full-scale value. This feature allows the first-order modulator to provide the switching function to forward converters whose transformers are designed for a maximum duty cycle of 50%.
The spectra to 500 kHz of the first-order M output are shown in Fig. 6 for three different dc inputs. It is seen that the output spectrum consists of tones at discrete frequencies. It is proved in [7] that the spectrum of a first-order modulator is discrete for all dc inputs. Moreover, the amplitudes and positions of these tones are strongly dependent on the dc input. In order to decrease this dependence, two different methods are used-either a small dither signal is added at the input of the comparator or a second-order modulator is used.
V. EFFECT OF DITHER ON FIRST-ORDER M
A small random dither signal is often added at the quantizer input of the M. The dither is generated by filtering the output of a digital pseudorandom number generator. The addition of a dither signal at the input of a first-order M has two purposes: 1) the spectrum becomes continuous due to the decreased correlation between the comparator error, and the input and 2) the dependence of the spectrum on the dc input is decreased. Furthermore, if the dither signal is a zero-mean process, the average properties of the modulator remain unchanged. Fig. 7 shows the spectra of the first-order M output for three different dc inputs with a zero-mean Gaussian dither signal of approximately 100 mV. A reduction of the order of 5-10 dBm is observed in the peak spectral levels. This is useful since most EMI regulations specify only peak spectral limits. Moreover, the spectrum is seen to be independent of the dc input and continuous in all three cases.
VI. SECOND-ORDER M
The second method to avoid discrete spectra is to use a second-order modulator [10] . Discrete-time and continuous-time circuits of a second-order modulator are shown in Fig. 8 . It may be shown that the expression for the quantization, similar to (4), is (5) Equation (5) shows that the peak amplitude of the noise term is greater in the case of the second-order modulator than in a first-order modulator with white noise assumptions being made in both cases (dithering is required to make this assumption approximately valid in the first-order case). This indicates that the second-order modulator has more power associated with frequencies in the vicinity of than the dithered first-order modulator. However, this must be weighed against the simplicity of the second-order implementation compared to the dithered first-order case where additional circuitry is required to introduce the dither. It should be noted that the presence of two integrators in the second-order modulator causes the averaging process to occur over a longer time-duration than in the case of a first-order for equal sampling frequencies. Consequently, the switching frequncy of a second-order modulator is less than in a first-order modulator for equal sampling frequencies. Therefore, to achieve the same ripple specification in the SMPS output for the two modulators, the sampling frequency of the second-order modulator should be greater than in the first-order modulator.
An analog second-order modulator was breadboarded using discrete components to verify its spectral properties. The analog implementation is shown to be equivalent to the discrete-time version under the following conditions [10] : 1) the output is held constant over the entire sampling period and 2) the time constant . The sampling frequency was set to 330 kHz. Time-domain output waveforms from the second-order modulator are shown in Fig. 9 . Fig. 10 shows an improvement in the experimental spectra of roughly 10 dBm compared to the first-order modulator. This is due to: 1) decreased correlation between the comparator error and the input and 2) a slightly lower rate of switching. It must be noted that the switching frequency is always lower than the sampling frequency since this is an example of pulse-density modulation. Furthermore, the averaging process in the second-order modulator takes place over a longer duration than in the firstorder modulator so that the switching frequency is also lower. Fig. 11 shows a comparison of the spectra of the conducted EMI measurement made on an off-the-shelf 145-W computer power supply. All measurements have been made with an HP3585A spectrum analyzer using an FCC-standard line impedance stabilization network (LISN). The PWM switching frequency is 100 kHz while the sampling frequencies of the first-order and second-order Ms are 300 and 330 kHz, respectively. The sampling frequencies of the M's are set so that they are equivalent to a 100-kHz PWM waveform of 30% duty cycle. It is observed that the dithered first-order and second-order Ms offer a 5-10 dB V improvement in the spectral peaks over the standard PWM output. The crest in all the spectra in the vicinity of 5.3 MHz is due to ringing at turn-on. Since the standard power supply was driven by an external drive circuit, the lead from the driver to the gate of the MOSFET was relatively long (approxi,ately 4 in). Note that, for the second-order M, we have compliance with the FCC regulations of Table I other than in the vicinity of 5.3 MHz. Also, since the transformer in the power supply is designed for a maximum 50% duty cycle, the on time of the pulses from the Ms was restricted to approximately 45%. This causes peaks in the dithered first-order and second-order spectra at frequencies that are multiples of the sampling frequency. This may be understood as follows. Referring to Fig. 3 , we note that the discrete-time spectrum of the modulator output scaled by a sinc function gives the spectrum of the switching function. If we assume that the modulator has equal on and off pulses of equal width, then the impulses in the spectrum of Fig. 3(a) are exactly cancelled by the nulls of the sinc function in Fig. 3(b) and, hence, no harmonics appear in the spectrum of the switching function. Suppose the on time is 45% as mentioned above, then the nulls of Fig. 3(b) do not coincide with the impulses of Fig. 3(a) and, hence, harmonics appear at multiples of the clock frequency.
VII. EXPERIMENTAL RESULTS
VIII. CONCLUSIONS
In this paper, M was proposed as an alternative modulation scheme for an SMPS with the objective of conducted EMI mitigation. Experimental results of the switching function from breadboard implementations of Ms show that this is indeed a viable scheme for conducted EMI mitigation. Furthermore, it has the advantage of being a synchronous switching scheme which could be exploited in resonant converters. The results presented in this paper indicate that either a dithered firstorder modulator or a second-order modulator can be used. While second-order modulators offer simpler circuitry, they require a greater sampling frequency to achieve the same switching frequency. Finally, experimental results on an off-the-shelf 145-W computer power supply were provided to prove the efficacy of the proposed scheme. These indicate a 5-10 dB V reduction in the conducted EMI.
